The letter reports on the dielectric losses of differently textured SrTiO 3 films on Pt bottom electrodes at frequencies between 1 MHz and 1 GHz. Device parasitic contributions to the measured device losses were partially removed by measuring shorted devices. Different dielectric loss mechanisms were identified. These included strongly frequency dependent loss peaks and a low temperature loss increase that showed a power-law dependence on the bulk permittivity of the films. 1 In addition to a high tunabiliy, these applications also require low dielectric losses. Thin film devices often show higher dielectric losses than what is expected from bulk materials of nominally the same composition. Dielectric losses below microwave frequencies are believed to be predominantly extrinsic in nature, for example, originating from charged defects or polar regions.
Paraelectric perovskite thin films, such as SrTiO 3 or ͑Ba, Sr͒TiO 3 ͑BST͒, that exhibit an electric-field tunable dielectric permittivity are of interest for tunable circuits operating at microwave frequencies.
1 In addition to a high tunabiliy, these applications also require low dielectric losses. Thin film devices often show higher dielectric losses than what is expected from bulk materials of nominally the same composition. Dielectric losses below microwave frequencies are believed to be predominantly extrinsic in nature, for example, originating from charged defects or polar regions.
1,2
Microwave losses are thought to be both extrinsic and intrinsic.
1 Intrinsic losses are due to the direct coupling of phonons with the AC electric field by multiphonon mechanisms. 3 Furthermore, device parasitics often dominate the device characteristics at high frequencies. [4] [5] [6] We have recently characterized textured SrTiO 3 thin films on epitaxial ͑111͒ Pt electrodes at frequencies up to 1 MHz. 7 High dielectric losses were correlated with the proximity to a ferroelectric phase transition at low temperatures. 7, 8 A frequency dependent loss peak appeared at ϳ250 K at 1 MHz, which was attributed to a relaxing dipolar defect with an activation energy E a of ϳ0.29 eV and a characteristic frequency of ϳ6 ϫ 10 11 Hz. 7 In this letter we report dielectric measurements of these films as a function of temperature and bias field at frequencies up to 1 GHz to further investigate their dielectric loss.
Epitaxial, ϳ100 nm thick ͑111͒ Pt bottom electrodes were deposited on c-plane sapphire with and without ϳ3 nm Ti adhesion layers, respectively. SrTiO 3 films ͑ϳ80 nm, unless stated otherwise͒ were deposited by rf magnetron sputtering at a substrate temperature of ϳ700°C concurrently on both electrodes to achieve similar point defect chemistries. Deposition parameters and microstructures were described elsewhere. [8] [9] [10] SrTiO 3 films on Pt without Ti adhesion layers were predominantly ͑110͒ oriented, i.e., ͗110͘ SrTiO 3 ʈ ͓111͔ Pt and ͕001͖ SrTiO 3 ʈ ͕110͖ Pt , whereas with Ti adhesion layers SrTiO 3 films were ͑111͒ oriented, i.e., ͑111͒ SrTiO 3 ʈ ͑110͒ Pt and ͓011͔ SrTiO 3 ʈ ͓011͔ Pt . The ͑110͒ films also contained about 30% ͑111͒ oriented grains. [8] [9] [10] Parallel plate capacitors with Pt top electrodes were fabricated by a two-mask process. 7, 8 Dielectric characterization of 30ϫ 50 m 2 devices at 1 MHz was carried out using an impedance analyzer ͑Agilent 4294A͒ connected to air ground-signal-ground coplanar probes ͑Cascade Microtech͒. A vector network analyzer ͑Agilent PNA E8362B͒ was used for measurements of 20ϫ 20 m 2 devices between 10 MHz and 10 GHz. It was connected to Picoprobe coplanar probes ͑GGB industries, 40A-GSG-100-Q͒. The oscillation voltage was 500 mV with dc biases between 0 and 6 V. A cryogenic wafer probe station ͑RMC Cryosystems͒ was used for measurements between 80 and 300 K. Device single port reflectance measurements were taken in reference to a standard 50 ⍀ load ͑Z 0 ͒ and calibrated using a calibration substrate ͑Picoprobe model CS-5͒ at 80, 100, 120, and 160 K. The measured reflection coefficient ⌫ was converted to device impedance ͑Z l ͒, i.e., Z l = Z 0 ͑1+⌫͒ / ͑1−⌫͒. To remove the contributions from the electrode losses, Z l was modeled as an impedance due to the electrodes, Z S , in series with that of the dielectric ͑Z D ͒, i.e., Z l = Z S + Z D . Z S was approximated as jL S + R S , where L S and R S are the series inductance and resistance, respectively, and was the frequency ͑in rad/s͒. Z S was determined from shorted devices ͑no SrTiO 3 film͒ at all temperatures and subtracted from Z l . The dielectric loss tangent ͑tan ␦͒ and capacitance C were then given by
͑1͒
Equation ͑1͒ was derived from Z D = R / ͑1+ jRC͒, i.e., the dielectric was modeled as a resistance R and capacitance C in parallel.
a͒ Author to whom correspondence should be addressed; electronic mail; stemmer@mrl.ucsb.edu Scatter in the data was due to differences in the devices from which the data were obtained. Furthermore, the measured high frequency capacitances were offset due to errors in the short and open calibration points. A common source of these errors is the use of a coplanar probe, which deviates slightly from its manufacturer's specified parasitics, resulting in a systematic offset in the calibration correction. Comparison with low-frequency measurements showed that the offset could be as large as 25%. Measuring shorted devices only partially removed the device parasitics, 5, 11, 12 which increased with frequency. Around 1 GHz devices approached selfresonance ͑in particular, at low temperatures due to the increase in the capacitance͒, limiting the analysis of the dielectric properties. The loss values reported here were thus believed to be higher than the true dielectric losses. For comparison, tan ␦ was ϳ0.002 at 1 MHz and 300 K. Up to the resonance frequency, capacitance densities only showed a small dispersion that could be modeled with a power law with a small exponent ͑Ͻ−0.02͒. Figures 1 and 2 compare the capacitance densities and loss tangents of the ͑111͒ and ͑110͒ oriented SrTiO 3 films, respectively, as a function of temperature and dc bias at 100 MHz ͑Fig. 1͒ and 1 GHz ͑Fig. 2͒, respectively. Both films showed a frequency dependent loss peak at ϳ100 K at 100 MHz that shifted to ϳ130 K at 1 GHz in the ͑110͒ film. The larger scatter and higher overall losses of the ͑111͒ film likely obscured the peak in this film at 1 GHz. Fitting the temperature of the maximum of the loss peak T m as a function of frequency ͑in hertz͒ to an Arrhenius equation, i.e., = 0 exp͑−E a / kT m ͒, where E a is the activation energy and 0 is a characteristic frequency ͑Fig. 3͒, resulted in E a ϳ 0.2 eV and 0 ϳ 1.2ϫ 10 17 Hz. Thus 0 was orders of magnitude higher than that of dipolar relaxation processes. 13 In diamond a loss peak with a similar characteristic frequency was explained with the ionization of a defect. 14 At low temperatures the zero-bias losses increased for the ͑111͒ film but not for the ͑110͒ film. This loss increase scaled with the "bulk" permittivity B , where B was the permittivity of the films after accounting for a lowcapacitance-density interfacial layer connected in series with the bulk of the film, as described by
where t and t i were the film and interfacial layer thickness, respectively, and B and i the film and interfacial layer per- 17 the ͑111͒ films showed a greater increase in B than the ͑110͒ oriented films at low temperatures. For example, B of a ͑110͒ film was ϳ790 at 120 K, whereas that of a ͑111͒ film was ϳ1120. The more rapid increase in B of the ͑111͒ oriented films was due to a ferroelectric phase transformation ͑not observed in bulk SrTiO 3 ͒ that appeared at a higher temperature ͑deviation from the linear CurieWeiss behavior at ϳ120 K͒ in the ͑111͒ film than in the ͑110͒ oriented film.
8,17 Figure 4 shows the loss tangent as a function of B , which was varied in two different ways by changing the temperature or the dc bias, respectively. Figure 4 confirmed the strong scaling of losses with B , which in turn was determined by the proximity to a ferroelectric phase transformation. This also explained the pronounced decrease in loss under an applied dc field for the ͑111͒ film ͑Figs. 1 and 2͒, as the reduction in the permittivity of an ͑incipient͒ ferroelectric under a dc bias is proportional to its zero-bias value.
1
The ϳ0 V data in the curve from the C-V measurements at 120 K and the corresponding data in the temperature curve in Fig. 4 were different, which was likely due to errors in estimating B and possibly some hysteresis after biasing to ±5 V.
The low-temperature loss increase was only weakly dependent on the frequency. It has been suggested that extrinsic loss, such as due to local polar regions, obey a power-law dependence on the permittivity.
1 In reasonable agreement with this prediction, losses could be fitted as a power law of B , i.e.,
where A and Y are constants. From the temperaturedependent curve ͑solid circles in Fig. 4͒ , tan ␦ 0 was ϳ0.0008, close to SrTiO 3 single crystal losses. 18 However, parameters extracted from fitting to Eq. ͑3͒ should be treated with caution due to errors in determining B and because different loss mechanisms may operate in different temperature regimes. For example, data at 120 and 80 K in Fig. 4 were close or within a polar ferroelectric phase, respectively. 8 Future research should be directed towards investigating if improving materials quality could reduce losses and eliminate strongly frequency dependent loss peaks. The interpretation of dielectric measurements in terms of the dielectric losses would be facilitated if device parasitics could be reduced.
The authors acknowledge support for this research from the NSF ͑DMR-0602244͒ and Alexander Tagantsev of EPFL for many useful discussions. This work made use of the UCSB Nanofabrication Facility, a part of the NSF-funded NNIN network. MHz as a function of bulk permittivity after removing the interfacial capacitance using measurements of a thickness series ͑Ref. 17͒. The permittivity was varied either by changing the temperature ͑filled circles͒ at 0 V or by a dc bias field ͑open symbols͒ at 80 or 120 K, respectively. The solid lines are fits to a power law. The peak in the temperaturedependent data is a previously reported loss peak at ϳ250 K at 1 MHz ͑Ref. 7͒ The upturn in loss near ϳ5 V in the C-V data is due to charge injection from the electrodes at high fields ͑Ref. 7͒.
